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Age effect of type I collagen on morphogenesis of Mardin- Collagen constitutes approximately one third of the
Darby canine kidney cells. total mass of the body. The biomechanical and biological
Background. Mardin-Darby canine kidney (MDCK) cells characteristics of collagenous tissues have attracted ac-
cultured in hydrated collagen gels develop simple epithelial tive research [1, 2]. It has been established that the agingcysts or branching tubules, depending on the presence of hepa-
process may affect both physical and chemical character-tocyte growth factor (HGF). Constituents of extracellular ma-
istics of collagen extracted from rat tail tendon [3–5]. Intrix can modulate the morphogenesis of MDCK cells. Collagen
is one of the few well-defined structural entities that display fact, collagen is one of the few well-defined structural
gross structural changes with aging. This study was conducted entities that with age display gross structural changes
to delineate the effects of age-induced changes of collagen on that are manifested by increased resistance to solubiliza-
the morphogenesis of MDCK cells cultured in collagen gel. tion [3] and enhanced rigidity [6]. Such changes are caused
Methods. We employed Y224 and MDCK clone II 3B5 cells
by increasing degrees of cross-linking between and withinto study cystogenesis and branching tubulogenesis, respec-
the elementary collagen fibrils via multiple pathways [3, 7].tively. Cells were cultured in three-dimensional collagen gels
Acid-soluble collagen extracted from rat tail tendonsprepared from 1-, 4-, 8-, and 16-month-old rat tail tendons,
and their capacity to develop cysts or branching tubules was is commonly used for the preparation of hydrated colla-
assessed. We also analyzed the compositions and physical struc- gen gel, which serves as one of the best substratum for
tures of collagen of various ages. studying the morphogenesis of epithelial cells in three-
Results. Y224 cells developed generally larger spherical cysts
dimensional cultures [8–12]. It has been well establishedin collagen gels prepared from rats that were more than four
that Madin-Darby canine kidney (MDCK) cells culturedmonths old. The ratio of apoptosis of cells cultured in one-
in collagen gel develop spherical cysts. This model hasmonth-old collagen gel was markedly higher than in the gel of
older ages. The results were consistent with the observations been considered the simplest and most convenient method
that collagen gel overlay-induced apoptosis of Y224 cells in to study cystic morphogenesis in vitro [8, 10]. On the other
one-month-old collagen was higher than that in older collagen. hand, MDCK cells develop branching tubules in collagen
On the other hand, 3B5 cells exhibited a remarkable scattering gel in the presence of hepatocyte growth factor (HGF)
morphology when cultured in one- or four-month-old collagen
[11–13]. Recent reports indicated that extracellular ma-gel with HGF. In contrast, 3B5 cells exhibited more intercellu-
trix (ECM) composition, matrix-remodeling proteinases,lar adhesion and were organized into branching tubule struc-
such as urokinase and matrix metalloproteinases, andtures only in the collagen gel that was more than eight months
old. The differences in morphogenesis could be explained by ECM receptor integrins are important factors that modu-
the observations that collagen of younger ages exerted mark- late MDCK cystogenesis or branching morphogenesis
edly higher HGF-triggered migration capability than collagen [12–14]. The dynamic composition of the ECM is respon-
of older ages. sible, at least in part, for the control of migration, spatialConclusions. Age-related alterations in collagen influence
organization, proliferation, and differentiation of normalepithelial cell morphogenesis via regulation of cell apoptosis,
epithelial cells both in vivo and in vitro. For example,proliferation, and/or motility.
HGF induces branching tubulogenesis of MDCK cells
cultured in collagen gel, but not in matrigel, a crude base-
ment membrane extract, suggesting that certain compo-Key words: apoptosis, branching tubulogenesis, collagen overlay, cys-
togenesis, hepatocyte growth factor, cell migration. nents of matrigel prevent HGF-induced branching effects
[13]. Supplementation of laminin, entacin, or fibronectinReceived for publication July 29, 1999
facilitated the formation of branching tubular structures,and in revised form October 27, 1999
Accepted for publication November 1, 1999 but type IV collagen, heparan sulfate proteoglycan, or
vitronectin markedly inhibited HGF-induced branchingÓ 2000 by the International Society of Nephrology
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tubulogenesis [13]. Although the precise mechanisms gov- acetic acid (EDTA) and were resuspended at a concen-
tration of 5 3 104 cells/mL in 0.3% ice-cold collagen solu-erning the modulation of tubulogenesis by ECM are not
fully understood, it is generally accepted that supplemen- tion prepared as described previously [10, 12]. Aliquots
of cell suspension were dispensed into the wells of six-tation of other matrix proteins does alter the physical
and chemical characteristics of the collagen gels. well Nunclon plates (1 mL/well; Nunc, Roskilde, Den-
mark) and allowed to gel for about 20 minutes at 378CMost of the previous studies examining the age effects
of collagen focused on the mechanical properties of tail before the addition of 1 mL Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf se-tendon collagen. However, age-induced alternations of
collagen structures in the regulation of cellular behav- rum (GIBCO). To study tubulogenesis, HGF (Calbio-
chem, La Jolla, CA, USA) was added to the cultureiors, such as morphogenesis in three-dimensional cul-
tures, remains to be solved. To address this question, media at a final concentration of 20 ng/mL, and the me-
dium was changed daily. To harvest cells from the colla-MDCK cells were cultured in collagen gels prepared
from rats of various ages in the presence or absence of gen gels, culture medium was removed, and the collagen
gels were incubated with 1 mL of 2 mg/mL collagenaseHGF. We observed that cells maintained in collagen
gels of different ages exhibited significant differences in (type II; Worthington, Freehold, NJ, USA) in Hank’s
balanced salt solution (GIBCO) at 378C for 20 minutes.either the size of the cysts or morphogenesis of tubule
structures. These results indicate that age effects of colla- After dissolution of collagen gels, cells were dissociated
into single-cell suspensions with trypsin/EDTA. All cellgen regulate the morphogenesis of MDCK cells.
counts were made using a hemocytometer, and viability
was determined by trypan blue dye exclusion.
METHODS
Animals Scanning electron microscopy of collagen gels
Collagen gels were fixed in 2% glutaraldehyde, 4%Tail tendons were taken from male Wistar rats main-
tained in the Central Animal House, National Cheng paraformaldehyde and 1% tannic acid in 0.1 mol/L caco-
dylate buffer, pH 7.4, for 25 hours at 48C. After washingKung University, Tainan, Taiwan.
in buffer, the gels were stained with an osmium-thiocar-
Extraction and characterization of collagen bohydrazide-osmium (OTO) sequence as described by
Willingham and Rutherford [20]. This procedure en-Tail tendons were removed from 1-, 4-, 8-, or 16-
month-old rats. After a one-hour wash in 0.5 mol/L tailed incubating collagen gels in 1% OsO4 in 0.1 mol/L
cacodylate buffer, pH 7.4, for one hour followed by 1%NaH2PO4, the tendons were treated with 1 mol/L NaCl,
4 mol/L urea for 10 minutes to leach contaminating mate- thiocarbohydrazide in H2O for 15 minutes and then 1%
OsO4 for 15 minutes. Extensive washing of collagen gelsrials [15, 16]. After a further wash with water, the tendons
were sterilized with 70% ethanol overnight. The aseptic with distilled water was performed between each step.
After staining, the collagen gels were dehydrated in atendons were washed with distilled water under the cul-
ture hood and acid-soluble collagen extracted with 0.5 graded series of EtOH to 100% EtOH and then im-
mersed serially with 1:1 hexamethyldisilazane and abso-mol/L acetic acid at 48C for two days. The acid-soluble
collagen was filtered through two full-thickness 12-ply lute ethanol, 2:1 hexamethyldisilazane and absolute etha-
nol, and pure hexamethyldisilazane for five minutescotton gauze pads and was extensively dialyzed against
0.05 N acetic acid for three days. The dialyzed collagen each. After air drying from hexamethyldisilazane for
overnight, the gels were coated with 500 A˚ of gold in awas then centrifuged for three hours at 14,000 r.p.m. at
48C, and the supernatant was collected. The acid soluble JEOL Vacuum sputter coater and viewed in a JEOL T300
electron microscope with scanning attachment (JEOL,collagen was stored at 48C as a stock solution. At least
two batches of collagen were prepared from rats of each Tokyo, Japan).
age in this experiment. The collagen concentration was
Analysis for apoptosisdetermined by analysis for hydroxyproline, together with
the value 0.1166 for the weight fraction of hydroxypro- We extracted low molecular weight genomic DNA
from the cell pellets released from collagen gel and ana-line in rat-tail tendon collagen [17]. Amino acid analyses
were carried out on an amino acid analyzer (Beckman lyzed the DNA samples by electrophoresis on a 1.5%
agarose gel as described previously [8]. To quantitate6300) after 48 hours of hydrolysis in 6 N HCl at 1058C.
apoptosis, the released cells from collagen gel were disso-
Cells and the preparation of collagen gel for culture ciated into single-cell suspensions with trypsin/EDTA.
After washing twice with phosphate-buffered salineTwo established MDCK cell lines, clone II, 3B5 [11, 12]
and Y224 [18, 19], were used to study tubulogenesis (PBS), the cells were fixed with 70% ethanol and treated
with ribonuclease (Rnase; 100 mg/mL), and then stainedand cystogenesis, respectively. Cells were harvested from
confluent cultures using trypsin-ethylenediaminetetra- with propidium iodine (40 mg/mL PBS). Finally, the cells
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Table 1. Amino acid composition of collagen of different ages
Residues per 1,000 amino acids
Amino acid 1 month 4 months 8 months 16 months
asp 50.1 50.5 50.8 50.7
OH pro 83.9 87.3 87.4 85.3
thr 15.0 15.4 15.4 15.5
ser 33.1 33.6 33.7 33.7
glu 75.6 77.8 77.6 77.0
pro 106.3 106.8 105.2 107.8
gly 342.4 343.4 341.2 343.0
ala 107.2 107.5 108.2 107.5
val 26.9 25.8 26.4 26.5
met 7.8 7.6 7.5 7.0
ile 12.8 12.5 12.5 12.9
leu 27.6 27.2 27.9 27.8
tyr 6.1 5.4 5.8 4.9
phe 15.3 14.3 14.8 15.2
OH lys 11.1 11.4 10.9 9.4
lys 24.0 23.9 23.7 23.8
his 5.4 4.1 4.9 5.4
arg 46.4 45.6 46.2 46.9
Fig. 1. Analysis of subunit distribution of collagen prepared from dif-were incubated in the dark at room temperature for 30
ferent ages. An equal amount of acid-soluble collagen extracted fromminutes and were analyzed by flow cytometry using a tail tendons of 1-, 4-, 8-, or 16-month-old (lanes a–d, respectively) rats
FACScan (Becton-Dickinson, Mountain View, CA, USA) was analyzed by SDS-PAGE. Samples were treated with 3% SDS with
b-mercaptoethanol, electrophoresed on 5% acrylamide gel with 0.1%with the excitation set at 488 nm. Data were analyzed
SDS and finally stained with silver staining kit from Pharmacia (Uppsala,by cell fit software and were represented as histographs Sweden). Molecules of collagen monomers, dimers, trimers and higher-
and numbers. molecular-weight polymers (a1 and a2; b1,1, b1,2, and b2,2; g; P) are
indicated.
Cell migration assay
For migration assay, cells from monolayer cultures
were treated with 0.2% trypsin/EDTA, washed once one-way analysis of variance (ANOVA) and was consid-
with serum-free media containing 0.05% soybean trypsin ered significant when P , 0.05.
inhibitor, and resuspended in serum-free media. The mi-
gration assay was performed using a 48-well modified
RESULTSBoyden chamber (NeuroProbe, Inc., Gaithersburg, MD,
USA) with the lower chambers filled with serum-free Composition of acid soluble collagen of different ages
media containing rat tail collagen (10 mg/mL) and HGF We prepared acid soluble collagen from 1-, 4-, 8-, and
(20 ng/mL). Polycarbonate filters with 8 mm pore size 16-month-old rat tails and determined their amino acid
were used as the membranes separating upper and lower composition by an amino acid analyzer. There were no
chambers. Each well was plated with 1.25 3 104 cells in significant differences in amino acid composition or in
50 mL serum-free media, and the Boyden chamber was the degree of hydroxylation of proline or lysine among
incubated at 378C in humidified 5% CO2 atmosphere. these collagens (Table 1). The composition of the acid-
After six hours, cells on the upper surface of the mem- soluble collagen of various ages was further assessed by
brane were removed using a cotton swab. The membrane sodium dodecyl sulfate-polyacrylamide gel electrophore-
was then fixed with methanol for eight minutes and sis (SDS-PAGE) analysis. It is well established that tro-
stained with methylene blue for one hour (Sigma Chemi- pocollagen is composed of three a chains, some of which
cal Co., St. Louis, MO, USA). The cells on the lower may be linked by covalent bonds to form a b chain (2a)
surface were counted under light microscope at high- or g chain (3a). As shown in Figure 1, all the collagen
power magnification (340). Multiple fields (4 to 8) were consisted of various compositions of highly purified col-
counted in each well. lagen subunits. As expected, a chains were expressed
predominantly in one-month-old collagen, whereas the
Statistics levels of g chains were higher in the four- and eight-
All data are expressed as means 6 SE. Differences month-old collagen. Eight- and 16-month-old collagen
between groups were determined according to Student’s exhibited markedly reduced levels of a chains and an
increased amount of higher molecular weight polymerst-test, and a multigroup comparison was determined by
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Fig. 2. Scanning electron micrographs of col-
lagen gels prepared from 1-, 4-, 8-, and 16-
month-old (A–D, respectively) rat tail tendon.
The gels examined contain 3 mg/mL of colla-
gen. Gels were fixed as described in the Meth-
ods section and were examined under scanning
electron microscopy. The scale bar indicates
1 mm.
(P). We also observed that certain levels of collagen interwoven fibers of various sizes. The fiber diameter
was much more heterogeneous in younger collagen gels.polymers were present within the stacking gels in both
8- and 16-month-old collagen. Because the same amount The largest fibers were mainly observed in one-month-
old collagen gels. The diameter of the fibers decreasedof collagen was loaded for the SDS-PAGE assay, it is
plausible to find that there were relatively lower contents from an average of 110 nm for 1-month-old collagen gels
to 80 nm for 4-month-old collagen gels and 60 nm forof a and b chains, as well as higher contents of higher
molecular weight polymers in 8- and 16-month-old colla- 8- or 16-month-old collagen gels (Fig. 2). Since Kuntz
and Saltzman demonstrated that fiber diameter re-gen than that of younger ages.
mained constant with increasing collagen concentration
Age effects of collagen on gel structures [22], the difference in fiber diameter could not be caused
by differences in collagen concentration. We speculateA certain period of time was required for the collagen
mixture to develop a complete gelation. We found that that older collagen fibrils develop gelation faster because
of more cross-linking of polymers, which thus constitutethe gelation time for the younger collagen was longer
than that of older collagen. The gelation time was in- the frameworks of polymers of a more uniformed size.
In contrast, the organization of thick collagen bundlesversely proportional to the rate of collagen multimeriza-
tion and has been determined as a function of the age may be achieved because of the fact that it takes a longer
time for younger collagen fibrils to develop full gelation.of the acid-soluble rat tail tendon collagen utilized [21].
However, the age effects of collagen on reconstituted gel
Age effects of collagen on cyst formationstructures remain unclear. We examined the structures of
reconstituted gels containing 3 mg/mL collagen of vari- We have previously established an MDCK subline
Y224 cells that formed polarized epithelial cysts vigor-ous ages by scanning electron microscopy (SEM). Under
SEM, these collagen gels appeared to be composed of ously in collagen gels [18, 19]. To study the age effects
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Fig. 3. Age effects of collagen on MDCK cyst enlargement and growth.
Y224 cells were cultured within 1-, 4-, 8-, or 16-month-old (A–D, respec-
tively) collagen gels for eight days, and pictures of the cyst morphology
were taken under phase contrast microscope. Cysts in 4-, 8-, or 16-
month-old collagen gel are markedly larger than those in 1-month-old
collagen gel. Scale bar, 100 mm. (E) Comparison of growth curves of
MDCK cells cultured within collagen gels prepared from 1- (h), 4- (j),
8- (s), and 16- (d) month-old rats. Y224 cells were cultured within
collagen gels of different ages for two, four, six, and eight days, and
the cysts were isolated from collagen gel by collagenase treatments.
After trypsinization, the cell number was assessed by hemocytometer.
Each point represents mean 6 SE from three experiments in duplicate.
of collagen on cyst formation, we cultured Y224 cells in cultures. Cells cultured in one-month-old collagen gels
showed much lower growth rates than those in oldercollagen gel of various ages. The epithelial cysts formed
in 4-, 8-, or 16-month-old collagen gels were significantly collagen gel (Fig. 3E). Obviously, type I collagen ex-
tracted from tail tendon of 4-, 8-, or 16-month-old rat islarger than those in 1-month-old collagen gels within
eight days (Fig. 3 A–D). The distribution of cyst size per more favorable for cyst growth and enlargement than
that from 1-month-old rat tail tendon.low power field in these cultures was summarized in
Table 2. We also assessed the cell growth curves in these Apoptosis has been shown to be involved in the pro-
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Table 2. Size distribution of MDCK cysts cultured in different ages of collagen gels
Cyst number per low power fieldb
Cyst diametera
lm 1 month 4 months 8 months 16 months
50–100 18.2064.13 26.7064.90 27.6066.13 27.3065.81
100–150 6.9062.69 21.9064.65 23.5062.92 23.5065.70
150–200 2.1060.88 9.2062.70 12.1062.85 11.2063.01
200–250 0.1860.41 2.2061.23 1.9060.94 1.4060.70
.250 0 0.8061.14 0.5060.52 0.6760.46
Five low power fields were evaluated for each well, and each data represents the mean 6 SE of 3 experiments in duplicate.
a Cysts with diameter less than 50 mm were not counted
b The size of cyst was evaluated at 4 3 10 power field under phase contrast microscope
Fig. 4. Comparison of apoptosis in MDCK cells cultured in collagen gel of various ages. (A) Representative results of cell cycle analysis on Y224
cells cultured for eight days in collagen gels of various ages. M1, M2, and M3 indicate sub-G0, G0/G1, and S/G2/M phase, respectively. (B) Summarized
results of apoptotic ratio manifested by sub-G0 phase in cell cycle. Each bar represents mean 6 SE from three experiments in duplicate. P , 0.05,
one month old vs. all the other ages of collagen gels.
cess of cystogenesis by MDCK cells [8]. To test whether tion of one-month-old collagen gel over the monolayer
of Y224 cells induced a significantly higher apoptosisage changes may affect apoptosis of MDCK cells in colla-
gen gel, we assessed the cell cycle population of Y224 ratio than older collagen gel (Fig. 6). Taken together,
the collagen gel prepared from the one-month-old ratcysts in collagen gel of various ages by flow cytometry.
As shown in Figure 4, the ratio of cell population under induces the highest apoptosis ratio of Y224 cells cultured
in three-dimensional gel.sub-G0 phase, which represents apoptosis, was signifi-
cantly higher in cells cultured within gel of one-month-
Age effects of collagen on HGF-inducedold collagen than older collagen. In addition, cells cul-
branching tubulogenesistured in different ages of collagen gels were collected
separately on day 8, and their low molecular DNA was We evaluated the age effects of collagen on HGF-
induced branching tubulogenesis by seeding 3B5 cellsextracted and resolved by electrophoresis. The results
showed that the intensity of DNA ladder was higher in into collagen gel of various ages in the presence of HGF.
Morphologically, these cells sent out processes within acultures within collagen gel of younger age (Fig. 5).
Our previous study indicated that collagen gel overlay few hours in response to HGF (Fig. 7 A, D, G, and J),
which was consistent with the previous report [12]. Overinduced apoptosis of MDCK cells in culture [23]. We
tested whether the age of collagen affected apoptosis of the next few days, 3B5 cells exhibited a remarkable scat-
tering morphology, with few cells developing cell–cellepithelial cell induced by collagen gel overlay. Applica-
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Fig. 5. Demonstration of DNA fragmentation in MDCK cells cultured
in collagen gel of various ages. Y224 cells cultured in 1- (1 M), 4- (4 M),
8- (8 M), or 16- (16 M) month-old collagen gels for eight days were Fig. 6. A comparison of apoptosis in MDCK cells subjected to the
collected, and their low molecular weight DNA was extracted and overlay of collagen gel of various ages. Y224 cells cultured to 80 to
resolved by electrophoresis. The DNA extracted from cells cultured on 85% confluence were overlaid with 1-, 4-, 8-, or 16-month-old collagen
normal plate (P) for eight days is used as a negative control. gels for two days, and the cell cycles were assessed by FACScan. Apopto-
sis ratios were obtained from the sub-G0 population of the cell cycle.
Each bar represents mean 6 SE from three experiments in duplicate.
P , 0.05, one month old vs. all the other ages of collagen gels.
contact in one-month-old collagen gel (Fig. 7B). After
eight days, despite that the cell proliferation continued,
no evidence of multicellular tubule structures could be collagen gel of a younger age, whereas collagen of an
found (Fig. 7C). Cells in 8- and 16-month-old collagen older age may impede scattering effects and enhance
gels exhibited an initially vigorous process formation as intercellular interactions to facilitate tubule morphogen-
well, but gradually developed multicellular cords during esis. Proper regulation of cell migration should therefore
four to eight days (Fig. 7 H, I, K, L). After 8 to 10 be crucial for the development of branching tubulogen-
days, these multicellular cords gradually organized into esis in collagen gel.
branching tubule structures that contain patent lumen.
Cells grown in four-month-old collagen gels exhibited
DISCUSSIONan intermediate phenotype between those cultured in
one- and eight-month-old collagen gel (Fig. 7 E, F). We Direct evaluation of the age effects of collagen on epi-
thelial cell morphogenesis in vitro has been difficult be-quantitated the result by counting the number of tubule
longer than 250 mm at 4 3 10 field under the light cause of the insolubility of collagen increasing with age
[3]. These problems could be solved by preparation of acid-microscope at day 8 of the culture. Data showed that in
eight-month-old collagen gel, there were 22 6 4 (N 5 soluble collagen from rat tail tendon. It has been shown
that the age-induced structural or chemical changes in colla-10) tubules observed. There were only 2 6 1 tubules
formed in four-month-old collagen gel, and no tubules gen could be preserved with this method. Rat tail tendon
consisted mainly of type I collagen with little proteogly-were found in one-month-old collagen gel.
We assessed the cell numbers in these cultures over can. Amino acid analysis of the collagen extracted from
animals of different ages shows no differences in aminoa 10-day period and found no obvious differences in
growth rates under different ages of collagen. There was acid composition. There are also no differences in the
content and composition of proteoglycan in rat tail ten-also no difference in the apoptosis ratio in cells cultured
in collagen gels from various ages. These data indicate dons from various ages [24]. It has been well established
that the age-dependent intramolecular and intermolecu-that the age effects of collagen on the modulation of
tubulogenesis are not mediated through regulation of lar cross-linking results in alternations in the physical and
chemical characteristics of purified soluble collagen [3, 7].cell growth or apoptosis. To test whether age could affect
migration capacity exerted by collagen, we employed Boy- We showed obvious differences in the distributions of
a, b, g, and high molecular weight polymers in collagenden chamber analysis. The result showed that one-month-
old collagen exerted higher capability for cell migration of various ages. These differences were consistent with
the observations that the number of stable cross-linksthan the older collagen (Fig. 8). These data indicate
that HGF-induced scattering effects can be preserved in increased with age. These data suggest that age-induced
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Fig. 7. Age effects of collagen on hepatic
growth factor (HGF)-induced morphogenesis
in MDCK cells. MDCK 3B5 cells were cultured
within collagen gels prepared from 1- (A–C),
4- (D–F), 8- (G–I), or 16- (J–L) month-old rat
in the presence of HGF (20 ng/mL). Photo-
graphs were taken under phase contrast mi-
croscope at one day (A, D, G, and J), four
days (B, E, H, and K), and eight days (C, F,
I, and L) of the cultures. The scale bar indi-
cates 50 mm.
changes in the morphogenesis of MDCK cells could be the collagen gel. The growth of cyst is likely regulated
by multiple factors, including both physical and chemicaldue to differences in the degree of cross-linking in colla-
gen themselves. To rule out the possibility that soluble composition of the collagen gel substrate and intrinsic
properties of the MDCK cell type. Studies reported herefactors contaminated in the collagen preparation may
be responsible for the differences in morphogenesis, we demonstrate that cyst enlargement and growth could be
affected by the age of collagen. The growth rate of cystsharvested the media that had been supplemented to the
cell cultures in 1- or 16-month-old collagen gel for one formed in one-month-old collagen is the lowest, and this
result can be reflected by the data that the apoptosis ratioday. These media were replenished to cell cultures in
collagen gel of opposite ages daily for a period of seven is also highest in one-month-old collagen. The reason that
the youngest collagen triggers the highest level of apo-days. We found that the morphology of cells was not
altered by the changes of media from different age. These ptosis is still not known. However, we speculate that the
age-related differences in the degrees of collagen cross-results indicate that the age effects of collagen on mor-
phogenesis are not a result of contaminating factors. link might lead to changes in the rigidity or three-dimen-
sional structure of the reconstructing collagen gels, andMadin-Darby canine kidney cells cultured in three-
dimensional collagen gel serve as a good model to study hence influence cyst growth via regulation of apoptosis.
Although MDCK cells have been widely used for study-cystogenesis in vitro. The cells lining the cysts have an
orthodox polarity with apical cell surfaces facing an en- ing renal cyst formation in vitro, one may question whether
the MDCK cystogenesis is relevant to the process ofclosed lumen and basolateral surfaces contacting with
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the cell mass and eventually develop branching tubule
structures. It has been demonstrated that the older the
collagen, the less effectively it can be digested by enzyme
[29]. It is possible that the age effects of collagen on cell
process formation and branching tubulogenesis may be
mediated via susceptibility to matrix metalloproteinase.
On the other hand, the age effects of collagen may also
result in a decrease in collagen gel-mediated cell migra-
tion. Moreover, cell migration within a larger mesh size
of the younger collagen gels may be easier than those
of older collagen gels with a smaller mesh size. We found
that cells cultured in younger collagen gels exhibited a
higher cell migration capacity and hence developed a
more scattering morphology. In contrast, cells cultured
in aged collagen gels could be restrained by the higher
density and more protease resistant fiber network. Under
these conditions, cell scattering is blunted, and intercellu-
lar interactions are markedly enhanced. These data raiseFig. 8. Age effects of collagen on HGF-induced cell migration. The
migration assay was performed using a 48-well–modified Boyden cham- the significance of cell–cell associations in the mecha-
ber with the lower chambers filled with serum-free media containing nisms for MDCK branching tubulogenesis.HGF (20 ng/mL) and collagen of various ages (10 mg/mL). The average
The mechanisms of HGF-induced MDCK branchingnumber of migrated cells on the lower surface in the absence of collagen
is used as a control. Each bar represents mean 6 SE from three experi- tubule morphogenesis have been implicated in the
ments in triplicate. P , 0.05, one month old vs. all of the other ages branching formation of ureteric bud. It has been docu-of collagen gels.
mented that both HGF and its receptor c-met are ex-
pressed in metanephric mesenchymes and the ureteric
bud during the kidney development [30]. The addition
renal epithelial cyst formation in human kidneys. Cowley of anti-HGF antibody to cultured embryonic kidneys
et al have described a rodent model of inherited polycys- markedly reduced the branching of the ureteric bud,
tic kidney disease, in which heterozygotes develop renal suggesting that those HGF/c-met interactions and signal
cystic disease very slowly during the first six months pathways may facilitate kidney development. It has been
after birth, but subsequently develop progressive renal shown that animals harboring homologous deletion of
enlargement and renal failure over the following four HGF or c-met gene result in embryonic lethality. How-
months [25]. Their results raise the possibility that age ever, the transgenic animals did not exhibit abnormal
might play an important role in the pathogenesis of poly- kidney phenotype, arguing against the role of HGF/c-
cystic kidney disease. Although our study provides a met pathways in kidney development [31, 32]. On the
link between collagen age and cyst growth, whether our other hand, transgenic mice overexpressing HGF mani-
findings can be applied to the pathophysiological mecha- fested diverse tumorigenesis [33]. Recent reports indi-
nisms of polycystic kidney disease remains to be studied. cated that activation of c-met was involved in the carcino-
Branching tubulogenesis of the ureteric bud, which genesis of renal cell carcinoma [34]. The fact that HGF
gives rise to the urinary collecting system, is of consider- induced quite invasive morphology of 3B5 cells in one- or
able interest because this process plays a major role in four-month-old collagen supports this theory. We have
the development of kidney. MDCK 3B5 cells, which recently established that activation of RET triggers che-
exhibit HGF-induced branching tubulogenesis in colla- motaxis of renal epithelium toward the glial cell line-
gen gel, serve as a very good in vitro model of studying derived neurotrophic factor (GDNF) source, which plays
tubule morphogenesis [11, 12, 14]. HGF activated a num- major roles in branching formation of ureteric bud [35].
ber of cellular processes, such as migration and morpho- In our laboratory, cell migration and scattering effects
genetic rearrangements, which are dependent on focal induced by interactions between GDNF and RET were
degradation of the pericellular matrix by proteolytic en- markedly lower than those induced by interactions be-
zymes [26, 27]. It has been demonstrated that HGF in- tween HGF and MET in MDCK cells (unpublished data).
creases urokinase-type plasminogen activator (u-PA) We hypothesize that HGF/MET pathways are not suit-
and u-PA receptor expression in MDCK cells, and hence able for renal branching morphogenesis, because activa-
results in enhanced pericellular matrix proteolysis [27]. tion of these pathways may trigger cell penetration and
In addition, the expression of collagen receptors, that is, invasion, and therefore are not appropriate for branching
a2b1 [28], may facilitate cell adhesion and migration in tubulogenesis in which cell migration and adhesion must
be highly regulated.collagen gels so that MDCK cells can move away from
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genesis through branching morphogenesis: Relevance to collectingIn summary, our data indicate that considerable modu-
system development. J Am Soc Nephrol 6:1151–1159, 1995
lation of cyst growth and branching tubulogenesis in epi- 15. Engvall E, Ruoslahti E: Binding of soluble form of fibronectin
surface protein, fibronectin to collagen. Int J Cancer 20:1–5, 1977thelial cells could be exerted by age-induced changes in
16. Gebb C, Hayman EG, Engvall E, Ruoslahti E: Interaction ofcollagen. To our knowledge, this is the first report to
vitronectin with collagen. J Biol Chem 261:16698–16703, 1986
demonstrate the age effects of collagen on epithelial mor- 17. Hulmes DJ, Miller A, Parry DA, Piez KA, Woodhead-
Galloway J: Analysis of the primary structure of collagen for thephogenesis. Although the implication of our data in the
origins of the molecular packing. J Mol Biol 79:137–148, 1973renal development and polycystic kidney disease is not 18. Lin HH, Yang TP, Jiang ST, Liu HS, Tang MJ: Inducible expres-
clear at present, our study clearly demonstrates that age sion of bcl-2 by lac operator/repressor system in MDCK cells. Am
J Physiol 273:F300–F306, 1997changes in collagen regulate epithelial cell behaviors in
19. Jiang ST, Chiang HC, Cheng MH, Yang TP, Chuang WJ, Tangthree-dimensional cultures. The biological roles played MJ: The role of fibronectin deposition in cystogenesis of MDCK
by the age process await further study. cells. Kidney Int 56:92–103, 1999
20. Willingham MC, Rutherford AV: The use of osmium-thiocarbo-
hydrazide-osmium (OTO) and ferrocyanide-reduced osmium
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